Certain hexavalent chromium [Cr(VI)] compounds are known genotoxic respiratory carcinogens, which induce apoptosis as a predominant mode of cell death. Selection of cells that are resistant to apoptosis may be a factor in tumour progression. We developed sub-populations of telomerase-transfected human fibroblasts (BJ-hTERT) that survived a 99% clonogenically lethal exposure to Cr(VI) (B-5Cr). B-5Cr cells were markedly resistant to apoptosis induced by several agents and exhibited increased clonogenic survival, especially at apoptogenic doses. B-5Cr cells did not exhibit altered cellular uptake of Cr(VI) and retained a normal p53 response to Cr(VI) exposure. We conducted large-scale gene expression analysis at different time-points after a secondary genotoxic Cr(VI) insult in B-5Cr and BJ-hTERT cells using Affymetrix Genechip R human genome arrays. Cr(VI) exposure led to differential regulation of many genes, which affect a diverse set of cellular activities such as transcription, signal transduction, stress response, cell adhesion, DNA repair, apoptosis and cell cycle modulation. We compared Cr(VI)-induced altered gene expression in the B-5Cr cells to that in the parental cells and identified 223, 147 and 204 genes with at least a two-fold difference in expression at 4, 8 and 18 h after exposure, respectively. Cluster analysis by gene function revealed altered expression of genes involved in apoptosis, cell cycle regulation and DNA repair. Our data suggest an alteration in gene expression that may favor cell survival and/or incomplete DNA repair after genotoxic exposure. Selection of cells with altered expression of these genes may constitute the early stages of tumour progression. (Mol Cell Biochem 279: [169][170][171][172][173][174][175][176][177][178][179][180][181] 2005) 
Introduction
The cellular response to exposure to DNA damaging agents usually involves cell cycle arrest followed by a cellular fate that is determined by the extent of DNA dam-that overwhelm intracellular DNA repair mechanisms [2] . Hexavalent chromium [Cr(VI)] is a potent DNA damaging agent that has been shown to cause apoptosis and prolonged growth arrest as the predominant cellular fates in response to exposure levels that induce some cell death [3] [4] [5] [6] [7] . However, at high exposure levels, a very small fraction of cells survive and regain replicative potential. These cells may have sustained extensive DNA damage yet somehow are able to escape death. It is unknown what factors allow this very small survivor population to maintain replicative potential. The phenotypic and potential genotypic differences in the surviving fraction of cells may convey a selective survival advantage, which may disrupt cell death/growth homeostasis and predispose these cells to neoplastic progression.
Certain inhaled forms of Cr(VI)-containing compounds are strongly associated with lung toxicity and an increased incidence of lung cancer [8, 9] . These compounds are recognised occupational human carcinogens and the generation of chromium waste by chromate industries comprises a potential environmental health risk [10] [11] [12] [13] . Cr(VI) ions can enter cells through an anion transporter and there they are subject to metabolic reduction to reactive genotoxic products [14] [15] [16] . These products, as well as the oxidative stress generated by the reduction process may contribute to diverse genotoxic and cytotoxic effects. The structural DNA damage that results from Cr exposure is well documented and includes Cr-DNA ternary adducts, strand breaks, oxidised bases [17, 18] , DNAprotein crosslinks, abasic sites and Cr-intrastrand crosslinks [19] [20] [21] [22] [23] [24] [25] (for review, see [26] ). Structural damage may lead to functional DNA damage (reviewed in [6] ), such as DNA and RNA polymerase arrest [27, 28] , mutagenesis [29] [30] [31] , and/or altered gene expression [32] [33] [34] .
The main cellular targets for Cr(VI) toxicity are lung epithelial cells and fibroblasts exposed to moderate to high concentrations of Cr(VI) in the immediate microenvironment of inhaled particles [35, 36] . To study Cr(VI) genotoxicity over time, a population of relevant cells that maintain a consistent and normal response to genotoxic stress over subsequent population doublings is required. Normal diploid fibroblasts rapidly change their responses to genotoxicity as the population grows in culture and approaches senescence [37, 38] , and transformation of fibroblasts with viral oncoproteins extend cell lifespan through mechanisms that alter cell cycle control and increase genomic instability [39, 40] . Therefore, we used human fibroblasts (BJ) immortalised by telomerase transfection (BJ-hTERT; Geron Corp., Menlo Park, CA) for these experiments. BJ-hTERT cells provide an excellent model for studying Cr(VI) toxicity because they are immortal but maintain a normal response to genotoxic stress [41, 42] . Moreover, we have found that the responses of these cells to Cr(VI) are indistinguishable from those of human lung fibroblasts.
We have previously shown that cell populations exposed to Cr(VI) exhibit a different spectrum of cellular fates, which include apoptosis, terminal growth arrest (TGA) or regaining replicative potential, depending on the extent of DNA damage [7] . As the dose of Cr(VI) increases, the extent of DNA damage increases and we observe a shift in cellular fate from clonogenic survival to terminal growth arrest and then to apoptosis. For genotoxic carcinogens, in order to induce neoplastic transformation, doses that also induce apoptosis are usually required. In the case of Cr(VI), exposure to levels of Cr compounds that are associated with lung cancer usually cause respiratory conditions associated with large amounts of cell death, such as perforation of the nasal septum or respiratory tract ulcerations (reviewed in [6] ). At these concentrations, the vast majority of exposed cells are removed from the proliferating population, but a small number may survive. Regaining replicative potential appears to require either escape from or resistance to apoptosis or TGA.
Genotoxicity is often thought to be a prerequisite for neoplastic transformation. Mistakes made in the repair of genetic lesions, or cell cycling in the absence of DNA repair, may cause either an increase in the DNA mutational spectra or a decrease in genomic stability, which may lead to uncontrolled cellular proliferation. The cells that survive after exposure to apoptogenic levels of a DNA damaging agent are the precursor pool from which neoplastic variants will emerge. Survivors may have developed an extrinsic alteration in gene expression due to the Cr(VI)-induced DNA damage, or they may have been selected for because of a different intrinsic gene expression pattern that conveys a survival advantage. Furthermore, by way of this survival advantage, such a sub-population of cells may, in fact, be selected for by Cr(VI) exposure, thereby increasing the amount of cells with the resistant phenotype. If early tumour growth requires a net accumulation of cells due to alterations in the growth/death ratio, then selection of cells with resistance to apoptosis may facilitate the early steps of neoplastic progression. In this study we developed a sub-population of cells that survived a relatively high dose of Cr(VI) (less than 0.5% clonogenic survival). It is unclear whether these cells survived by chance or if they have a pre-existing selective advantage over the rest of the population. Therefore we set out to examine the survivor phenotype and any potential genotypic changes in the survivor sub-population. Phenotypic differences that would convey resistance to Cr(VI)-induced death may involve molecular components of the apoptotic or terminal growth arrest signalling pathways. Other phenotypic differences that may provide cells with an intrinsic resistance to apoptosis may involve sensing DNA damage, generation of and/or response to oxidative stress and the ability to maintain mitochondrial stability. These phenotypic differences may be the result of altered gene expression. Therefore we examined gene expression in survivor and control cells using a large-scale Affymetrix gene array. We were able to screen 12,625 genes and ESTs for expression changes after Cr(VI) exposure and between survivor and control cell populations. Gene expression differences in survivor cells may shed light on the roles that different genes play in genotoxic selective survival.
Materials and methods

Cell culture
BJ-hTERT fibroblasts (Geron Corp., Menlo Park, CA), and the BJ Cr(VI)-survivor sub-populations were maintained in Dulbecco's minimal essential media (D-MEM)/Medium 199 (M199) (4:1) containing 10% fetal bovine serum (Hyclone Laboratories, Inc., Logan, UT), and 5 µg/ml gentamicin (Life Technologies, Gaithersburg, MD). Additionally, BJ-hTERT medium contained 10 µg/ml hygromycin B (Life Technologies) as a selection agent for the hTERT transgene. Cells were incubated in a 95% air/5% CO 2 humidified atmosphere at 37
• C and the medium was replaced every 48 h. 
Treatment of cells with chromium or hydrogen peroxide
Phosphatidylserine translocation assay
After 24 h, the cells were rinsed with phosphate buffered saline (PBS), the medium was replaced and the cells were incubated for an additional 24 h before biochemical analysis. This assay was conducted as previously described [7, 43] . Briefly, cells were seeded at 10 5 cells/60 mm 2 dish and incubated for 24 h prior to sodium chromate exposure. Following sodium chromate treatment, cells were gently harvested by trypsinization and combined with non-adherent cells from the culture medium. The cells were centrifuged at 600 × g for 5 min. Cell pellets were washed once in PBS and resuspended in 100 µl binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 ) containing 2 µl annexin(V)-FLUOS TM (Roche, Indianapolis, IN). Samples were incubated in the dark at room temperature for 15 min. An amount of 30 µl was loaded on a microscope slide and the percentage of annexin(V)-FLUOS stained cells was determined using a Olympus AX70 microscope (Olympus, Lake Success, NY) with a fluorescent filter set suitable for FLUOS analysis (excitation 460-490, emission 515).
Clonogenicity analysis
BJ-hTERT cells were seeded at 10 5 cells/60 mm dish and incubated for 24 h prior to Cr(VI) exposure. After the 24 h exposure, cells were collected by trypsinization, counted, and reseeded at 7 × 10 3 cells/60 mm 2 dish in triplicate. The plates were incubated for 12-13 days, then rinsed with PBS and incubated with crystal violet stain (80% methanol, 2% formaldehyde, 2.5 g/l crystal violet) for 15-30 min at room temperature. The plates were thoroughly rinsed with dH 2 O and allowed to dry. Colonies containing greater than 20 cells were counted, the triplicates were averaged, and clonogenicity was determined as percent of control.
Cell growth curves
BJ-hTERT cells were seeded at 10 5 cells/60 mm dish and incubated for 24 h prior to Cr(VI) exposure. Replicate dishes were seeded for each dose tested and all of the replicates within the group received the same treatment. One replicate was taken every other day over the 17-day time-course and counted to determine total cell number at each dose and time. Cells were gently harvested with trypsin, centrifuged at 600 × g for 5 min, and the cell pellets were resuspended in 1 ml PBS. Total cell number was determined using a Coulter Mutisizer II cell counter (Coulter, Louton, UK).
Cr(VI) uptake analysis
An amount of 5×10 5 cells/sample were exposed to 0-90 µM Na 2 CrO 4 spiked with Na 2 Cr 51 O 4 for 3 h at 37
• C. The cells were centrifuged at 300 × g for 5 min at 4
• C. Cell pellets were washed twice in PBS and lysed in 500 µl lysis buffer (100 mM Tris-Cl (pH 8.0), 200 mM NaCl, 10 mM EDTA, 4% SDS). An amount of 100 µl of each sample was transferred to a 5 ml scintillation vial and combined with 1 ml Ecolite scintillation cocktail (ICN, Irvine, CA). DPM/10 5 cells was determined on a Beckman LS6500 scintillation counter (Beckman Instruments, Fullerton, CA).
Preparation of cell lysates for p53 analysis
Cells were seeded at 10 6 cells/75 cm flask and incubated for 24 h prior to 9 µM Na 2 CrO 4 exposure. Two hours after treatment, cells were harvested by gentle cell scraping and combined with non-adherant cells from the culture medium. The cells were centrifuged at 300 × g for 5 min at 4
• C and were resuspended in 200 µl of ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 1% Igepal TM (Sigma), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing 0.1 mg/ml PMSF, 30 µl/ml aprotinin and 1 mM sodium orthovanidate. Cell suspensions were sheared through a 21 gauge hypodermic needle and the resulting lysates were incubated in RIPA plus the inhibitors for 20 min on ice, then centrifuged at 10,000 × g for 20 min at 4
• C. The resulting supernatants were stored at −20
• C until used for PAGE and Western blot analysis.
Protein electrophoresis and p53 Western blotting
Cell lysates were separated on a 10% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membrane by electroblotting as previously described [43] . Blots were probed with a p53 Ab6 primary antibody (Calbiochem, Cambridge, MA), followed by a horseradish peroxidase-linked secondary antibody (Amersham Pharmacia Biotech, Piscataway, NJ). The secondary antibody was visualised by ECL Western blotting detection reagents (NEN Life Science Products Inc., Boston, MA), after exposure to X-ray film (Amersham Pharmacia).
Preparation of total RNA for Affymetrix Genechip
R micro arrays
Total RNA preparation was done using the RNA-Bee TM RNA Isolation Kit (Tel-Test Inc., Friendswood, TX) as directed by the manufacturer.
Affymetrix Genechip
R micro array analysis
Expression profiling
Six micrograms of total RNA was converted to cDNA using the SuperScript Choice System (Invitrogen) and a T7-(dT 24 ) primer (GENESET Corp.). cDNA was purified by phenol-chloroform-isoamyl alcohol extraction. Clean cDNA was used for the in vitro synthesis of biotinlabelled cRNA using the BioArray RNA transcript labelling kit (ENZO). cRNA was cleaned using RNeasy mini kits (QIAGEN) and fragmented using a magnesium acetate buffer (200 mM tris-acetate, pH 8.2, 500 mM potassium acetate, 150 mM magnesium acetate). Ten micrograms of labelled cRNA was hybridised to Affymetrix Human HG U95Av2 arrays (http://www.affymetrix.com/products/arrays/specific/ hgu95.affx) for 16 h. The GeneChips R were washed and stained according to the manufacturer's recommendations (Affymetrix). Each chip was scanned using a confocal laser scanner after an initial staining with streptavidin phycoerythrin, and after second antibody staining used to amplify the signal.
Data analysis
Data analysis was performed using Affymetrix Microarray Suite 5.0 software to generate an absolute analysis for each chip. Each chip was scaled globally to a target intensity value of 800 to allow for inter-array comparisons.
For the baseline study comparing treated versus untreated BJ-hTERT cells we ran a comparison analysis between both conditions in duplicate. A list of upregulated and downregulated genes with a greater than two-fold change was created using the "iterative comparison" analysis [44] . This is a very stringent method of analysis, as genes that survive the filtering are up or downregulated two-fold in all comparisons.
Absolute intensity values for each chip from the time course study were screened for probe saturation using the "Array Data Manipulation" program created by Tanya Teslovich at Children's National Medical Center, Washington, DC. The saturation program identifies probes that have become saturated in the second scan, after probe signals are amplified using goat IgG. Probe saturation was common when the PMTs for Affymetrix scanners were calibrated to a higher value (10 times higher than the current settings). Please see http://www.affymetrix.com/support/technical/ product updates/scanner gain update.pdf for more information on scanner PMT settings. The program considers a probe saturated if its signal in the first scan (before antibody amplification) is greater than 1500 and the (scan 2/scan 1) ratio is less than a user-specified minimum value of 0.8. If the probe is saturated on any array in the experiment, then the 'scan 1' signal intensity is used for that gene across all chips. After the files have been de-saturated, they are loaded into GeneSpring (http://www.silicongenetics.com) for temporal clustering analysis and graphical views of gene ontology groups. Time-points 4, 8 and 18 h were normalised to the control, time-point 0, for each of the different cell types. Genes that were absent across all chips were eliminated through filtering. GeneSpring was also used to cluster genes by their ontology group.
Results
Chromium-resistant fibroblasts, derived from human foreskin fibroblasts immortalised by human telomerase gene transfection (BJ-hTERT), were used in comparative studies with parental cells. The chromium survivor sub-population (B-5Cr) was developed by collecting the fraction of cells that emerged in culture after being exposed to a 5 µM dose of Na 2 CrO 4 . The B-5Cr sub-population was compared to BJ-hTERT for differences in susceptibility to apoptosis induced by different toxic agents using the phosphatidylserine Fig. 1 . Apoptosis resistance in the B-5Cr survivor sub-population. B-5Cr cells were compared to parental BJ-hTERT cells for susceptibility to apoptosis. Cells received either (A) chronic (6-9 µM; 24 h) treatments of Na 2 CrO 4 , or (B) chronic (0.5-1 mM; 24 h) treatments of H 2 O 2 , and were analysed for phosphatidylserine translocation 24 h after treatment. The percentages of apoptotic cells represent the mean ± S.E. of at least three independent experiments. Comparisons were made between individual correlated samples compared to control, and p values were determined with a Student's t-test and a normal distribution was verified with ANOVA and F-test. Asterisk ( * ) indicates a statistically significant decrease from control at p < 0.05. translocation assay (Fig. 1) . Susceptibility to apoptosis in cells exposed to another Cr(VI) insult (0, 6 or 9 µM Na 2 CrO 4 for 24 h) is shown in Fig. 1A . The B-5Cr sub-population was significantly resistant to Cr(VI)-induced apoptosis at both 6 and 9 µM Na 2 CrO 4 . Susceptibility to apoptosis in cells exposed to hydrogen peroxide (H 2 O 2 ) (0, 0.5 or 1 mM H 2 O 2 for 24 h) is shown in Fig. 1B . Again, the B-5Cr sub-population was significantly resistant to H 2 O 2 -induced apoptosis at both doses tested.
The differential cumulative effects of Cr(VI) exposure on these cell populations was determined by comparing clonogenic survival and long-term (17 days) cell growth curves after Cr(VI) treatment. Clonogenicity is an indicator of longterm cell survival and replicative potential after toxic exposure. Clonogenicity was evaluated in B-5Cr compared to BJ-hTERT cells exposed to 0-6 µM Na 2 CrO 4 for 24 h (Fig. 2A) . A dose-dependent decrease in clonogenicity was shown in all of the cell populations as the Na 2 CrO 4 concentration increased from 0 to 6 µM. The survivor B-5Cr population exhibited resistance to Cr-induced clonogenic lethality compared to the parental control, especially for concentrations of Cr(VI) that cause apoptosis (2-6 µM). This difference increased with Cr(VI) concentration and was significant at the highest dose tested.
To determine differential cell growth potential, we examined cell growth over a 17-day period in BJ-hTERT and B-5Cr cells exposed to 5 µM Na 2 CrO 4 for 24 h (Fig. 2B) . In both cell populations, growth was suppressed over a 7-day period, but a fraction of surviving cells emerged after day 7 in the Resistance to Cr(VI)-induced apoptosis in survivor sub-populations is not due to altered Cr(VI) cellular uptake. BJ-hTERT and B-5Cr survivor sub-population cells were exposed to increasing concentrations of Na 2 CrO 4 spiked with Na 2 51 CrO 4 for 3 h. The samples were then lysed and analysed for intracellular 51 Cr using a scintillation counter. Results are the mean ± S.E. of three independent experiments. Comparisons were made between individual correlated samples compared to control, and p-values were determined with a Student's t-test and a normal distribution was verified with ANOVA and F-test.
B-5Cr samples, while surviving cells did not emerge in the parental control sample until day 15.
We sought to determine if the difference in Cr(VI) susceptibility between these populations was caused by altered cellular capacity to take up Na 2 CrO 4 . Cr(VI) uptake was similar in both cell populations exposed to a wide range of Cr(VI) doses (Fig. 3) .
We and others have shown that Cr-induced apoptosis proceeds in a p53-directed fashion [4, 5, 45] . The dysregulation/mutation of the p53 protein has been shown to be a key factor in cellular death resistance [46] . Therefore, we studied the ability of Cr(VI) to stabilise and thus, upregulate the expression of p53 in the survivor cell population. As shown in Fig. 4 , there was no difference in p53 response to Cr(VI) exposure between the BJ-hTERT and B-5Cr cells.
Gene expression profiling after chromium exposure in BJ-hTERT
We used the Affymetrix human genome U95Av2 chip to profile the changes in gene expression in BJ-hTERT fibroblasts after exposure to Cr(VI). Total RNA was collected and purified from BJ-hTERT cells prior to and after exposure to 5 µM Na 2 CrO 4 for 18 h. Pairwise comparative analysis between Cr(VI)-treated samples and the untreated controls was performed in duplicate using the Affymetrix Microarray Suite Software. Genes were identified that were differentially expressed in the treated cells (≥2.0-fold change in expression at p < 0.05) compared to the untreated control. A total of Fig. 4 . No change in p53 protein expression in the B-5Cr survivor subpopulation. p53 protein expression was determined in untreated (CTRL) cells or after a 24 h exposure to 9 µM Na 2 CrO 4 (9 µM Cr) in BJ-hTERT and B-5Cr cells. Protein samples were isolated 2 h after treatment and analysed by Western blotting with a p53-specific monoclonal antibody. Blots are representative of three independent experiments. 1,001 of the 12,625 (8.7%) genes and ESTs met these criteria for differential expression. Of the 1,001 genes, 599 (4.7%) were upregulated, and 502 (4.0%) were downregulated.
To identify the coordinate regulation of functionally related gene groups we loaded the Affymetrix gene expression data into GeneSpring (http://www.silicongenetics.com) to sort differentially expressed genes into determined gene ontology groups. GeneSpring categorises genes based on known function and/or cellular location. Table 1 shows the number and percentages of genes that have at least a two-fold change in expression after Cr(VI) exposure within 31 different select ontology groups. Apoptosis related function genes showed a higher percentage of differentially expressed genes then the combined data set (total genes on chip). Of these, 37.5% of the genes categorised in the apoptosis inhibitor ontology subset were differentially expressed. Cell cycle related function genes also had a higher percentage of differential expression (33.8%) especially the cyclin-dependent kinase inhibitor subset (83.3%), but three important signal transduction ontology groups, the MAPKK, JAK and STAT pathways, did not show dramatic differences in differential expression. Interestingly, a higher amount of transcription factor genes were differentially expressed after Cr(VI) exposure (21.3%), and of these, the transcription initiation (50%) and transcription termination (100%) subsets had the highest percentage of genes affected.
Differential temporal gene expression profiling between cell populations after Cr(VI) exposure
We examined the differences in gene expression in the B-5Cr survivor sub-population compared to the parental BJ-hTERT control after exposure to 5 µM Na 2 CrO 4 in one experiment. The gene expression profiles for each cell population were examined using GeneSpring before and at various time-points after exposure (4, 8 and 18 h) that were selected to show an early and intermediate temporal response. Genes were normalised to time-point 0 for each respective cell type. At least a 1.5-fold change in expression from the parental control was used for any gene to be considered having altered expression in this part of the study. B-5Cr had a large number of altered genes at the later (18 h) time-point. Analysis of the genes with altered expression revealed a wide variety of functional groups and suggests a gene expression pattern that may favor cell survival after genotoxic exposure.
To examine the different temporal changes in expression in response to Cr(VI) treatment between the survivor subpopulation and the parental controls, the genes modulated by Cr(VI) at one or more time-points were subjected to K means clustering analysis using the GeneSpring software. Clustering analysis involves the grouping of genes according to similarities in their expression profiles across multiple time-points. Clusters are then compared to the same genes for each cell type, and genes that showed distinct differences in temporal expression patterns between cell types were examined.
We identified specific genes of interest within the cluster groups, and their differential expression patterns are shown in Fig. 5 . An example of a gene that is upregulated after Cr(VI) exposure in both cell populations is p21 (WAF1, CYP1) (Fig. 5A) . Some genes that are upregulated in the BJ-hTERT parental cells but not in B-5Cr include: GADD45, Caspase 3, Map Kinase Phosphatase 5 (MKP5), Myc, the c-rel oncogene (Fig. 5A) , and the voltage-dependent anion channel (VDAC) gene (Fig. 5B) . Some genes that are upregulated in only the survivor B-5Cr cells are the DNA repair endonuclease subunit (XPF), collagenase type 4, Bcl-xL and the ligand mediated apoptosis signalling receptor DR6 (Fig. 5B) . Finally, the UV radiation resistance associated gene (UV-RAG) is downregulated in the BJ-hTERT cells, but not in B-5Cr (Fig. 5B) .
Discussion
An initial consequence of genetic injury is cell cycle checkpoint arrest but genotoxins may also activate cell death pathways of apoptosis or "terminal" growth arrest. Cellular survival responses to genotoxic insult may produce intrinsic death resistance; such a selective growth advantage may allow for the emergence of a transformed phenotype. The net cell expansion associated with pre-malignant progression is likely to be comprised of both increased proliferative potential and resistance to cell death. In order to investigate potential differences in the survivor population of cells exposed to Cr(VI), BJ-hTERT cells were exposed to 5 µM Na 2 CrO 4 for 24 h. The surviving fraction of cells was allowed to re-emerge over several weeks until a polyclonal cell strain (B-5Cr) was developed. Certain cell culture characteristics were notably altered as the B-5Cr cells recovered replicative competency after initial exposure (data not shown). For example, the cellular growth rate was higher in B-5Cr compared to BJ-hTERT cells.
The death resistance in the B-5Cr cells suggests that the progenitor cells of this line survived because of an intrinsic selective advantage over the rest of the population. A number of molecular mechanisms that convey death resistance may be different or altered in cells surviving genotoxic stress [47] . One possibility is that the survivor cells may have a reduced capacity to activate or increase levels of p53 in response to genotoxic damage. The p53 protein is important in relaying DNA damage-associated signals into apoptosis or growth-arresting responses, through transactivation of (A) numerous apoptosis-and cell cycle-regulating genes [48] , for review see [49] . While Cr(VI)-induced apoptosis in human lung fibroblasts (HLF) is dependent on the presence of p53, which is activated in response to Cr(VI) treatment [4, 5] , upregulation of p53 protein levels in response to Cr(VI) was not altered in the B-5Cr cells. Accordingly, the transcription of p21 waf1/cyp1 , a p53-responsive gene, was virtually identical in both BJ-hTERT and B-5Cr cells, further indicating that the enhanced apoptotic resistance was not due to selective alterations in p53.
(B) Another explanation for Cr(VI)-induced resistance to subsequent Cr(VI)-induced death may be related to alterations in Cr(VI) uptake or efflux mechanisms resulting in a decreased intracellular concentration of Cr(VI). Such a mechanism has been shown in human epithelial cell lines resistant to killing by CrO 3 [50] , and has been observed with other toxic metals such as arsenic, platinum, and antimony [51, 52] . The resistance of the B-5Cr cells to both Cr (VI)-and H 2 O 2 -induced cell death would suggest that the mechanism was not a function of alteration of cellular Cr(VI) accumulation. Indeed, this was subsequently confirmed in uptake studies of Na 2 51 CrO 4 (Fig. 3) .
Only a limited amount of information is available examining gene expression in normal human diploid cells following Cr(VI) exposure. In a study of A549 cells exposed to a single acute dose of Cr(VI), the expression patterns of several genes involved in the oxidative stress response (GPx, Cu/Zn SOD), calcium mobilization (calcineurin A2), signalling (NEN-1, MAPKAP kinase), cell cycle regulation (INK4p19, p34 CDC2) and metabolism (PDK2, Na,K-ATPase) were altered in response to Cr(VI) exposure [53] . In a study examining the expression of 216 genes in the lungs and livers of Cr(VI) exposed (intratracheally) rats, significant Cr(VI)-related alterations in gene expression were only observed in the lungs of rats [54] which mirrored the selective toxicity of Cr(VI) in this tissue [55] . Of the genes affected by Cr(VI), drug metabolizing enzymes (NADPH-cytochrome P450 reductase, cytochrome b5 reductase), oxidative stress (GPx), drug resistance (MDR protein), signal transduction (MAP kinase), cell cycle (cyclins D1-3) and apoptosis (Bcl-x) were induced at least two-fold after treatment. Recently, a comparative analysis of gene expression was performed on adenovirus 12-SV40 hybrid immortalised human bronchoepithelial cells exposed to Cr(VI) (10 µM, 4 h) and several other toxic metals [56] . Of the 1,200 genes examined, 44 were differentially expressed after Cr(VI) exposure relative to the other metals and mitomycin C. Cr(VI) moderately induced the expression of genes involved in protein metabolism (ubiquitin), histone acetylation (HATB2) and glucose transport (GLUT1) and downregulated the expression of genes involved in bone metabolism (BMP4), transcription (hEGR1, CREB2), survival signalling (PKB/AKT), protein trafficking (HSP-90A), growth factor signalling (FGFR1), xenobiotic metabolism (GSHPX1, CYP1B1) and cell growth control (c-myc, cyclin K). Our own recent work using normal diploid human lung fibroblasts found that Cr(VI) treatment transiently activated p53-responsive genes (GADD45, p21), upregulated the expression of pro-apoptotic genes (bcl-Xs), and downregulated the expression of anti-apoptotic genes (bcl-w and bcl-Xl) [57] . Moreover, Cr(VI)-induced upregulation of the key cell cycle inhibitors p21 and p15, was accompanied by decreased cyclin A expression.
To begin to understand the networks of genes that are affected by Cr(VI) exposure and also govern death resistance in the B-5Cr cells, we performed a microarray gene expression analysis using the Affymetrix human genome U95Av2 array. Out of a total of 12,625 genes and ESTs we identified approximately 1,200 genes displaying altered expression after Cr(VI) exposure. A large percentage of genes in many of the ontology groups shown in Table 1 were differentially expressed, but there was no significant trend in either upregulated or downregulated expression in any particular group in the BJ-hTERT parental cell line. Many of the groups had an apparent alteration in the regulation of many genes, both up and downregulated, while other groups were less affected, which is similar to what has been previously reported in other studies [56] .
We further fractionated these gene changes as a function of time after exposure and compared death resistant and "wild type" cells. Cluster analysis by gene function revealed altered differential expression of genes primarily involved in apoptosis regulation, cell cycle regulation and DNA repair. Previous data indicate that cell death/growth arrest pathways, such as those regulated by GADD45, caspase and bclX, are dramatically affected by Cr(VI) exposure in normal human diploid fibroblasts [43, 53, 57] . The lack of Cr(VI) induction of GADD45 and caspase 3 in the B-5Cr cells, compared to that in BJ-hTERT cells, along with the upregulation of the anti-apoptotic Bcl-xL is consistent with their death-resistant phenotype. In contrast, the apparent transcriptional upregulation of the DR6 member of the TNF receptor superfamily should be consistent with an apoptogenic phenotype, but perhaps is indicative of a compensatory response to death resistance in the face of genotoxic insult.
Signalling through MAPK pathways results in the activation of a number of transcription factors, resulting in either cell proliferation or cell death/growth arrest, which is dependent upon the activation state and crosstalk among MAPK family members [58] [59] [60] [61] . A growing family of MAPK phosphatases (MKPs) exerts negative regulation of MAPK activities [62] . MKP5 has been shown to be able to deactivate all MAPK members, with some selectivity for the JNK/SAPK members [63, 64] . Cr-induced activation of ERK, JNK and p38 pathways has been shown in a number of different cell lines, while the activation pattern is dependent on the dose/duration of the exposure [57, [65] [66] [67] . It has been suggested that Cr(VI) can potentially activate inhibitory MKPs [66] . The present data supports a role for Cr(VI) in MKP5 transcriptional upregulation, which may play a role in death resistance, as its upregulation was abrogated in the B-5Cr cells.
Enhanced expression of the c-myc oncogene has been shown in Cr-transformed C3H/10T1/2 Cl8 mouse embryo cell lines [68] , while the NF-(B subunit c-Rel has been shown to malignantly transform cells in culture [69, 70] . Cr(VI) has been shown to both inhibit and activate the transcriptional activity of NF-(B [71, 72] , which may be related to differences in Cr concentration and cell type [73] . In the present study, Cr-induced upregulation of these oncogenes was observed in the normal BJ-hTERT cells, but abrogated in the B-5Cr cells. It is unclear how to interpret these findings at this time, but it may be related to an upregulated survival response in the death-resistant cells, as inappropriate activation of oncogenes has been shown to induce a premature senescent phenotype, consistent with clonogenic death [74, 75] .
The upregulation/lack of downregulation of the respective DNA damage response genes, XPF and UV-RAG after Cr exposure in B-5Cr cells is intriguing, particularly in light of their association with nucleotide excision repair (NER) and recombination pathways [76] [77] [78] [79] . We and others have shown that both NER and homologous recombination repair mechanisms are associated with the repair of Cr-induced DNA lesions [80, 81] (for review, see [26] ).
It has previously been shown that chemically transformed (Hut-11A) human skin fibroblasts secreted an active collagenase that induced extensive degradation of type IV collagen [82] . It is tempting to speculate that the specific Cr(VI)-induced upregulation of collagenase type IV in the deathresistant B-5Cr cells represents a predisposition of these cells to remodeling of the extracellular matrix, which is a hallmark of both fibrosis and tumour cell invasion.
Transport across the outer mitochondrial membrane is tightly regulated by a multi-protein pore complex, whose central component is the mitochondrial voltage-dependent anion channel (VDAC). Alterations in VDAC function lead to the mitochondrial membrane permeability transition, which results in the release of the inter-membrane space components into the cytosol (reviewed in [83] [84] [85] [86] ). Our studies have verified that release of cytochrome c from the mitochondria is the point of no return for Cr(VI)-induced apoptosis, which can be inhibited by cyclosporin A [87] . Data from the present study have potentially uncovered a novel toxic stress response pathway involving differential transcriptional upregulation of the mitochondrial VDAC protein in normal BJ-hTERT fibroblasts, and its abrogation in death-resistant B-5Cr cells. This discovery leads to the intriguing hypothesis that the repair/recovery process after toxic insult may involve the selection of cells with intrinsic or induced mitochondrial dysregulation leading to death resistance.
It is unclear whether resistance to apoptosis in the B-5Cr cells was due to selection of cells with intrinsic or induced phenotypic differences. We know that the progenitor cells of this sub-population received a dose of Cr(VI) that potentially caused DNA damage, but there may have been other selective pressures that could induce phenotypic changes that translate as increased apoptosis resistance. For example, it is possible that the survivor sub-population somehow gained a selective advantage during the process of continued cycling in culture with very few neighbouring cells. Whatever the case, the initial Cr(VI) exposure-induced death in the majority of the population and drove the selection of these cells regardless of what may be the ultimate apoptotic resistance-inducing condition.
An intriguing observation is that the B-5Cr sub-population has subsequently diminished its resistant phenotype, which was apparently a function of long-term storage, as it was not dependent on cell passage number. We speculate that this could represent the further clonal selection of cells with a more adherent, but less resistant phenotype. To better understand the molecular mechanisms of Cr-induced death resistance, we derived clones from the early B-5Cr populations derived in the present study. Indeed, we initially found two obvious phenotypes: death resistance and altered morphology (increased cytoplasm content and increased cell volume). Moreover, the death-resistant clones have maintained their phenotype after long-term passage and storage. Current work is aimed at elucidating the signalling pathways responsible for resistance in these stable subclones.
In conclusion, our data suggests an alteration in gene expression that may favor cell survival and/or incomplete DNA repair after genotoxic exposure in sub-populations of BJ-hTERT human fibroblasts, which have acquired resistance to Cr-induced clonogenic lethality that is not related to altered uptake. Selection of cells with altered expression of these genes may constitute the early stages of tumour progression.
